As the Chinese regions become more and more connected to each other and foreign countries, this study aims to address carbon imbalance and outsourcing issues in China. Using a production-based carbon emission inventory and a China-global multiregional input-output model, this study estimates the consumption-based carbon emissions in 30 Chinese regions in 2007 and 2010. Our results reveal that the carbon imbalances of most Chinese provinces and cities have decreased between 2007 and 2010, but disparities in the regional per capita carbon footprint have widened. Our applying Structural Path Analysis (SPA) shows that most Chinese regions have higher * Corresponding authors. (Yuan Li).
Introduction
At the Paris climate conference (COP21) in December 2015, 195 countries adopted the Paris Agreement within the framework of the United Nations Framework Convention on Climate Change (UNFCCC). It is generally considered to be the historic turning point for reducing global warming [1] . Prior to and during the Paris conference, some countries submitted Intended Nationally Determined Contributions (INDCs), which represented the targets that each country should reach in order to achieve the global goal. As early as June 2015, China announced its INDCs and committed to the achievement of peak carbon dioxide emissions around 2030 and the reduction of carbon dioxide emissions per unit of GDP by 60% to 65% from 2005 levels by 2030 [2] .
The ambitious climate mitigation goal of China can be achieved through regionlevel efforts. China has initiated low-carbon development pilots in 6 provinces and 36 cities, which include 42% of the total population, 57% of the GDP, and 56% of all carbon emissions [2] . In addition, the second session of the China-U.S. Climate-Smart/Low-Carbon Cities Summit was held in Beijing in June 2016 and was attended by participants from 17 U.S. cities, counties, and states and from 49 Chinese cities and provinces. The participating Chinese provinces and cities intend to perform enhanced actions to support the achievement and implementation of China's respective post-2020 national climate targets. During the Summit, the NDRC (National Development and Reform Commission) of China announced that the number of low-carbon development pilot cities in China will increase to 100 [3] .
The newly launched 13 th Five Year Plan (2015-2020) reported that China achieved a 20% reduction, which more than satisfied the 17% carbon intensity reduction goal proposed in the 12 th Five Year Plan (2010) (2011) (2012) (2013) (2014) (2015) , and determined a new 18% mandatory goal for the next five years [4] . Each Chinese province was allocated mandatory energy reduction and carbon emission mitigation targets (see Supporting Information, i.e., SI, Table S1), which was slightly higher than that in the previous plan [5, 6] . Annual achievement of the reduction of emission intensity by each local government was assessed by the central government as an important performance evaluation indicator. According to the report, the most rapidly developing provinces or cities, e.g., Beijing and Shanghai, easily achieved the goal, while a few lessdeveloped provinces, e.g., Xinjiang and Qinghai, struggled to meet the requirement [7, 8] .
The mandatory goal for each province during the 13 th Five Year Plan has been set according to its development stage, resources endowment, strategic position, ecoenvironmental protection, and so on [6] . In the future, scientific and accurate carbon emission data of Chinese regions need also to be taken into consideration to fairly attribute carbon emission reduction goal and efficiently achieve the INDC. The territorial emission inventory under UNFCCC plays a key role in current carbon emission management [9, 10] . However, in recent years the growing inter-provincial trading led to more and more carbon transfer and imbalance issues in China [11] [12] [13] [14] .
For example, it is found that more than half of China's emissions are related to goods that are consumed outside of the province where they are produced in 2007 [15] .
Therefore the consumption-based carbon emission inventory must be taken into consideration when properly identifying responsibility and assigning quotas [16] .
Input-output analysis (IOA) has been frequently utilized to estimate consumptionbased carbon emission [17] [18] [19] [20] . Among all the existing studies, the single-regional input-output (SRIO) analysis was applied to analyze GHG emissions of final demand in a national or regional economy [19] [20] [21] while the multi-regional input-output (MRIO) analysis was employed to calculate carbon emissions embodied in trade among different countries or regions [17, 18, [22] [23] [24] [25] [26] . According to IOA, all carbon emissions are driven by final demand, and thus, emissions associated with the production of goods and services are ultimately attributed to final consumption activities. Transmission chains from production-based carbon emission sources to consumption-based destinations can be very complex due to the deepening modern industry division, but they can be mathematically traced through production layers by the Structural Path Analysis (SPA) method [27] [28] [29] [30] [31] . A study by Liu et al. found that the huge emissions embodied in Chinese exports are in part due to the very high emissions intensity in a few provinces and industry sectors [32] . For a Chinese region, it would be also very important to uncover the key pathways that lead to its major carbon emissions, which can be identified by SPA. From the production perspective, a region may shut down its export supply chains, which drive the most carbon emissions, to lower its on-site carbon emissions. In contrast, from the consumption perspective, a region may choose to purchase alternative products that are produced with low carbon intensive technologies to reduce its carbon footprint.
Against this general background, this paper first accounts for and analyzes the consumption-based carbon emissions of 30 Chinese provinces and cities, based on which the carbon emission imbalance of each Chinese region is assessed. The results can assist policymakers in the task of properly allocating carbon emission mitigation targets among Chinese regions. This paper also demonstrates the methods of identifying key carbon emission structural paths of production-based and consumption-based carbon emissions from each province or city. It can provide assistance for designing efficient carbon emission reduction strategies for each region.
Methods and data
2.1 Methods 2.1.1 Multi-regional input-output (MRIO) analysis MRIO analysis has attracted widespread interest for addressing global environmental issues [33] [34] [35] . In an MRIO model, the same types of products developed from different economies are treated as entirely different products, and different regions are connected through an interregional trade matrix. With a given MRIO table, the total output vector x of the MRIO model, according to input-output theory [36, 37] , is represented as 
in which the vector ε represents the direct carbon emission coefficients, I is an identity matrix, and m =ε(I − A) −1 are designated as carbon emission multipliers [38] .
The emissions embodied in exports (EEE) and imports (EEI) can be then calculated from EEE = me and EEI = mi,
where e and i represent the exports and imports matrices, respectively.
The indicator of per capita consumption-based carbon emissions, i.e., the carbon footprint, is used to evaluate the inequalities among different Chinese provinces and cities. In addition, an indicator of the CII (carbon emission imbalance index) is formulated in this work in order to assess the carbon emission trade imbalance of Chinese regions. For carbon emission net importers, this indicator is defined as the proportion of consumption-based carbon emissions that is net imported from other economies:
when Econsumption ＞ Eproduction, CII = (Econsumption -Eproduction) / Econsumption.
For carbon emission net exporters, it is defined as the proportion of production-based carbon emissions that is net exported to other economies:
when Econsumption ＜ Eproduction, CII = (Econsumption -Eproduction) / Eproduction.
It can be understood from the definition that a positive CII indicates that the economy leaks carbon emissions to other economies and a negative one indicates that the economy receives carbon leakage from other economies.
Structural Path Analysis (SPA)
The Leontief inverse (I − A) −1 in Eq. (1) can be written as its Taylor expansion by using its power series approximation:
Therefore, Eq. (2) can be expressed as 
where A t y represents the total intermediate product inputs at layer t that are directly consumed by the preceding layer, i.e., layer t-1, the sum of which is ultimately driven by final demand y. Furthermore, εA t y represents the total carbon emissions triggered by the production of these products. For example, if y represents a computer demand, then εIy in tier 0 (T0) represents the direct carbon emissions caused by the computer's production. In T1, Ay represents the intermediate inputs from other industries that are needed to produce the computer, e.g., the plastic and the screen, and εAy indicates the carbon emissions emitted during the production of these inputs. This trace continues through the infinite production layers of the supply chain.
Eq. (7) can be further decomposed by unraveling the A matrix:
where ei is the emission intensity or coefficient of industry i, aij represents technical coefficients between sector i and j, and yj represents the final demand bundle. Each multiplied term represents the contribution of an individual supply chain path. Both the total dispersion paths of produced pollution (production-based carbon emission) and carbon emissions supply paths driven by a given final demand (consumptionbased carbon emission) can be analyzed accordingly by Eq. (8).
In the present work, the detailed SPA results for all Chinese regions were very complex. To present a clear discussion, SPA results within each tier were aggregated into region-based emissions, which were further categorized into three sources or destinations: inner source, domestic import/export, and foreign import/export. The following symbols were applied to simplify the description: Ep-Tt (production-based carbon emissions from the t th tier); Ec-Tt (consumption-based carbon emissions from the t th tier); DEEp-Tt (domestic exported carbon emissions from the t h tier); FEEp-Tt (foreign exported carbon emissions from the t th tier); EEp-Tt (exported carbon emissions from the t th tier); DIEc-Tt (domestic imported carbon emissions from the t th tier); FIEc-Tt (foreign imported carbon emissions from the t th tier); and IEc-Tt (imported carbon emissions from the t th tier).
Data sources
We have chosen 2010 as the study year because it is the most recent year with available MRIO data of Chinese regions. Partial results of 2007 are also presented to detect the carbon emission evolvement trends. We referred to the multi-regional inputoutput [15] , which are based on version 8 and version 9 of the Global Trade Analysis Project (GTAP) database [40, 41] . The GTAP has no data for 2010, and the G-MRIO table in 2011 was transferred to a table based in 2010 by using the average deflator index of each country [42] . To complete the system boundary, we connected the C-MRIO model to G-MRIO tables to compile a China-global multi-regional inputoutput table (CG-MRIO).
The imports and exports in C-MRIO need to be disaggregated and allocated to 128 foreign countries. With reference to the previous study [15] , we assumed that the international exports of each sector in C-MRIO were distributed among importing sectors in foreign countries in the same proportion as China's total exports in G-MRIO. We also made the converse assumption: each sector's international imports were sourced from foreign countries to each province in the same proportion as
China's total imports in G-MRIO. The detailed inventory for Chinese and global regions and their respective production sectors can be found in Table S2 , SI.
The CO2 emissions produced by fossil fuel combustion were estimated in this study using the method in the previous study [43] . Seventeen types of fossil fuels were considered. The fossil fuel energy consumption inventory was constructed from each sector's energy consumption data with reference to China's and each Chinese province's statistical yearbooks and to the China Economic Census Yearbook [44, 45] .
The energy balance data were referred to exclude the fossil fuel loss in transportation and transmission, and non-energy use of fossil fuel as raw material. The combustion- Qinghai, Ningxia, Xinjiang). The classification method was slightly different from that in previous studies [15, 47] , and the geographical positions of a few provinces did not quite fit the region to which they belong. However, this method was used to better capture the carbon emission features of Chinese regions at different development levels and to advance relevant policy suggestions at a manageable level. Carbon emission Imbalance Index (CII)
Per capita consumption-based carbon emissions (t CO 2 /capita)
Production-based and consumption-based carbon emissions in different tiers
An SPA analysis for the carbon emissions from 30 Chinese provinces and cities in 2010 is carried out to further uncover the transmission mechanism of productionbased to consumption-based carbon emissions. Six tiers from T0-T5 are traced, covering 89% and 91% of China's total production-based and consumption-based carbon emissions, respectively. Eproduction, e.g., Jiangxi, Shandong, Henan and Jiangsu (see the first column in Figure   4 ), have embodied more production-based carbon emissions in their supply chains compared to other regions. To design efficient carbon emission reduction strategies, these regions may benefit from applying SPA as a method of identifying key carbon emission dispersion pathways occurring in higher tiers to reduce the territorial carbon emissions. Hebei and Shaanxi, with low EEp ratios in T0 (13% and 14%) but with high ratios of overall EEp to total Eproduction (58% and 54%), should pay more attention to their exported carbon emission in higher tiers. This is because the apparent production-based carbon emissions transfer, indicated by the EEp ratio in T0, may mislead them on the major driving factors of their production-based carbon emissions. Econsumption ratios of Shandong, Henan, and Beijing (see the first column in Figure 5 )
were lower than that of the other regions. Because these regions have embodied higher unapparent consumption-based carbon emissions than the other regions, switching to low-carbon supply chains would be a beneficial choice for them to reduce their carbon footprint. Xinjiang, Shanxi and Anhui may underestimate their outsourced carbon emissions if they only consider the apparent carbon emission transfer in T0. Their IEc-T0 to Ec-T0 ratios were only 5%, 6%, and 8%, respectively.
However, they outsourced 32%, 30%, and 44% of their total Econsumption, respectively. Table S3 , SI (the full definition of abbreviations can be found in Table S2 , SI). The sum of these pathways have, respectively, accounted for 24.62% and 18.94% of each sector's total production-based carbon emissions in 2010. Beijing is suggested to import more electricity products from nearby Hebei and Shandong, for which the direct carbon emission intensities were only 59% and 66% of that in Inner Mongolia, respectively.
Conclusions
China has demonstrated a strong determination to mitigate climate change by promising the world to reduce its carbon dioxide emissions intensity by 60% to 65% from 2005 levels by 2030. As regional differences in China are outstanding, the central government attributes varying carbon emission reduction goals to different Chinese regions. The present work analyzes both production and consumption-based carbon emissions of Chinese provinces and cities, which can be served as fundamental basis data to fairly and efficiently attribute regional quotas. Since the interconnections among Chinese regions are very close and intensive, the method of MRIO is relied on to trace carbon emissions along the supply chains. China is famous as the factory of the world, where international trade plays a very important role to fuel its economic growth. However, most previous MRIO studies of China have ignored foreign imports [47] [48] [49] . This work connects the Chinese MRIO model to Global MRIO tables to compile a China-global multi-regional input-output table ( Mongolia to lower its territorial carbon emissions is to reduce its electricity exports to Jilin, Hebei, Tianjin, Beijing and Shandong. And Beijing is suggested to import more electricity products from nearby Hebei and Shandong as their electricity industries have much lower direct carbon emission coefficients than Inner Mongolia and Shanxi.
